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It is well known that med i cal lin ear ac cel er a tors gen er ate ac ti va tion prod ucts when op -
er ated above cer tain elec tron (pho ton) en er gies. The aim of the pres ent work is to as -
sess the ac ti va tion be hav ior of a me dium-en ergy ra dio ther apy lin ear ac cel er a tor by ap -
ply ing in situ gamma-ray spec trom e try and dose mea sure ments, and to es ti mate the
ad di tional dose to ra dio ther apy staff on the ba sis of these re sults.  Spec tral anal y sis was 
per formed par al lel to dose rate mea sure ments in the isocenter of the lin ear ac cel er a tor,
im me di ately af ter the ter mi na tion of ir ra di a tion. The fol low ing ra dio iso topes were de -
tected by spec tral anal y sis: 28Al, 62Cu, 56Mn, 64Cu, 187W, and 57Ni. The short-lived iso -
topes such as 28Al and 62Cu are the most im por tant fac tors of the clin i cal rou tine, while 
the con tri bu tion to the ra di a tion dose of me dium-lived iso topes such as 56Mn, 57Ni,
64Cu, and 187W in creases dur ing the work ing day. Mea sured dose rates at the isocenter
ranged from 2.2 µSv/h to 10 µSv/h in var i ous mea sur ing points of in ter est for the
mem bers of the ra dio ther apy staff. Within the pe riod of 10 minutes, the dose rate de -
creased to val ues of 0.8 µSv/h. Ac cord ing to ac tual work loads in ra dio ther apy de part -
ments, a re al is tic ex po sure sce nario was set, re sult ing in a max i mal ad di tional an nual
whole body dose to the ra dio ther apy staff of about 3.5 mSv.
Key words: lin ear ac cel er a tor, ac ti va tion, ra dio iso topes, photonuclear re ac tion,
gamma spec tros copy 
IN TRO DUC TION
Lin ear ac cel er a tors have be come the megavoltage
treat ment units of choice in mod ern ra dio ther apy de part -
ments [1, 2]. Due to re cent de vel op ments, such as
multi-leaf collimators and in ten sity mod u lated ra dio ther -
apy units, many older de vices are be ing sub sti tuted by
high-en ergy ac cel er a tors with pho ton en er gies over 10
MV [3, 4]. At pres ent, the ma jor ity of ex ter nal ra dio ther -
apy is car ried out us ing high-en ergy X-rays and elec trons 
from elec tron ac cel er a tors. When X-ray beams are used
and the pho ton en ergy ex ceeds the bind ing en ergy of a
nu cleon, which is ap prox i mately 8 MeV to 10 MeV, ra -
dio ac tive iso topes can be pro duced due to photonuclear
re ac tions. De pend ing on the pho ton en ergy and on the ir -
ra di ated ma te rial, a num ber of radionuclides will be cre -
ated in the ac cel er a tor it self, in the con struc tion ma te rial
and ob jects pres ent in the room, as well as in the pa tient’s
body. These ac ti va tion prod ucts may give rise to an in -
creased exposure of the ra dio ther apy staff [5]. The ef fect
is more pro nounced af ter pro longed ir ra di a tions [6].
Sev eral stud ies have iden ti fied iso topes and mea -
sured or cal cu lated re sult ing dose rates, and from these
find ings it is an ac cepted fact that re sult ing doses for the
staff are not neg li gi ble [5, 7-9]. The an nual dose bur den
de rived from other stud ies ranged from 0.5 mSv to 5 mSv 
[6, 10, 11]. Al though the prob lem has been known for de -
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cades, lit tle is known about the spa tial dis tri bu tion of the
in duced ac tiv ity. Whilst it can be eas ily dem on strated
that the treat ment head, the tar get and flat ten ing fil ter re -
gions are dom i nant ra di a tion sources, it has also been
shown that treat ment ac ces so ries such as wedges or
block trays are ac ti vated as well [12]. These stud ies were
pre dom i nantly con cen trated on the prob lem of ra dio ac -
tive waste han dling af ter ac cel er a tor de com mis sion ing.
Ac cord ing to the re sults of pre vi ous stud ies, ac ti va tion
prod ucts have a short half-life [3, 6, 7]. How ever, de -
pend ing on the ex act com po si tion of the ac cel er a tor
head, radionuclides with a lon ger half-life could also be
found, but no sys tem atic de pend ence on ma chine prop -
er ties or man u fac turer was ob served [13]. In ad di tion,
due to the dif fi cul ties in per form ing gamma-ray spec -
trom e try in a hos pi tal en vi ron ment and the rel a tive un -
avail abil ity of ther apy ma chines for ex per i ments due to
high pa tient work load, very lit tle in for ma tion is avail able 
about the spe cif ics of these ra dio iso topes which may
con trib ute to oc cu pa tional ex po sure.
In or der to ob tain ad di tional knowl edge on ac ti va -
tion pro cesses and the ma te ri als in which they take place,
a study was per formed to de ter mine the ac ti va tion prod -
ucts and re sult ing dose rates for the lin ear ac cel er a tor of
the Siemens Pri mus type op er at ing at 18 MV elec tron en -
er gies and to as sess the ad di tional dose to ra dio ther apy
staff due to ac ti va tion prod ucts.
MA TE RI ALS AND METH ODS
Back ground phys ics
In a med i cal lin ear ac cel er a tor op er at ing in a
pho ton mode, the brems strah lung ra di a tion is pro -
duced in the tar get. The pho tons have an en ergy dis tri -
bu tion with the max i mal en ergy equiv a lent to the en -
ergy of the gen er at ing elec trons. The pho tons emit ted
from the tar get in the pho ton mode or as side ef fect in
the elec tron mode, in ter act with the elec tron shell of at -
oms in their path and with the nu clei when the en ergy
is high enough. In the en ergy range of med i cal lin ear
ac cel er a tors, two ma jor pro cesses are in volved in the
gen er a tion of ac ti va tion prod ucts. The first pro cess is
the nu clear photo ef fect, i. e. (g, n) re ac tion,  re sult ing
in neu tron emis sion. The pro duced neu tron is able to
ini ti ate nu clear re ac tions it self and give rise to an other
pro cess - neu tron cap ture, i. e. (n,  g)  re ac tion  which is
es sen tially the ab sorp tion of a neu tron by a nu cleus,
fol lowed by the emis sion of bind ing en ergy in the form 
of pho tons [5].
At suf fi ciently high en er gies, neu trons are prin -
ci pally pro duced by means of the gi ant di pole res o -
nance mech a nism (GDR) in the nu clear re ac tion be -
tween pho tons and tar get nu clei. The re ac tion
thresh old en ergy de creases with the in crease in the tar -
get’s atomic num ber (Z). In the en ergy re gion of the
GDR, the (g, n) cross sec tion for high-Z el e ments is a
fac tor ten times higher than for low-Z ma te ri als [14].
Neu tron pro duc tion in med i cal lin ear ac cel er a -
tors arises from photonuclear re ac tions of high-en ergy 
pho tons with high-Z ma te rial com po nents in the ac cel -
er a tor head and greatly de pends on its iso tope com po -
si tion. The ab sorp tion cross-sec tions of the ma te rial
pres ent in a lin ear ac cel er a tor are very low for gen er -
ated neu trons. Thus, neu trons are not shielded by the
collimators and can be found through out the treat ment
room, con trib ut ing to the ex tra dose to the pa tients and
ra dio ther apy staff. In ad di tion, it can be ex pected that
the ac ti va tion prod ucts cre ated by neu tron cap ture are
dis trib uted over the whole treat ment room, whereas
the iso topes pro duced by nu clear photo-ef fect events
con cen trate in the re gion of the max i mum flux of high
en ergy pho tons, i. e. in the pri mary collimator, tar get
and jaws [12].
Lin ear ac cel er a tor in cor po rated
into this study
All med i cal lin ear ac cel er a tors have the same ba -
sic op er a tion prin ci ple; how ever, they may dif fer con -
sid er ably in con struc tion de tails; even when of same
ac cel er at ing volt age, the may dif fer in the elec tron cur -
rent, which ul ti mately de ter mines the ac ti va tion flux
[7]. Ac cord ing to the re sults of pre vi ous stud ies, in -
duced ra dio ac tiv ity in a high-en ergy treat ment room
arises mainly from the ac cel er a tor it self and its com po -
nents, and in a lesser ex tent, from walls, floor, ceil ing
and the pa tient [3, 12]. In or der to ob tain ad di tional
knowl edge of the im pact of the ac ti va tion pro cess on
the ra di a tion bur den of oc cu pa tion ally ex posed in di -
vid u als in ra dio ther apy, a study was un der taken to de -
ter mine the ac ti va tion prod ucts and as sess the ad di -
tional dose to the op er at ing staff for a par tic u lar lin ear
ac cel er a tor.
The lin ear ac cel er a tor model cho sen for this ex per -
i men tal study is a Siemens Pri mus (Siemens Med i cal So -
lu tions, Malvern, Penn., USA) op er ated in a 18 MV con -
fig u ra tion that was in stalled in 2004. For this par tic u lar
ac cel er a tor model and pho ton en ergy, no ac ti va tion data
have been re ported so far.
Gamma-ray spec tros copy
In situ gamma-ray spec tros copy was per formed
us ing a cal i brated gamma-ray spec trom e ter con sist ing
of a high pu rity ger ma nium de tec tor of 25% rel a tive
ef fi ciency and bat tery driven hard ware (In Spec tor
2000, Can berra, Meriden, Conn., USA). The re corded
data were an a lyzed us ing the gamma spec trom e try
soft ware Ge nie 2000 (Can berra, Meriden, Conn.,
USA).
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Al though the re sults of gamma-ray spec trom e try 
can un der cer tain ge om e try and ab sorp tion as sump -
tions be used for quan ti ta tive ac tiv ity as sess ment [7],
here the peaks were used only for radionuclide iden ti -
fi ca tion.
Dose rate mea sure ments
Dose mea sure ments from in duced ac tiv ity in
terms of the pho ton equiv a lent dose rate (HX) were
per formed us ing a cal i brated por ta ble scin til la tion
mea sur ing unit 6150 ADB (Automess, Ladenburg,
Ger many), con sist ing of a scin til la tion probe 6150
AD-b and a dose rate me ter 6150 AD 6. The en ergy
range of the in stru ment is 23 keV to 7 MeV, while the
dose rate range is  0.01µSv/h to 99.9 µSv/h, mak ing it
suit able for mea sure ments of gamma ra di a tion pre -
dom i nantly in the MeV range [15]. The de tec tor was
placed ad ja cent to the spec trom e ter crys tal, within a
20 cm ×  20 cm field size, as de fined by the ac cel er a -
tor light field. Due to the log ging ca pa bil ity of the in -
stru ment, the time de pend ence of the dose rate was
re corded. Dose rate val ues were re corded ev ery sec -
ond.
The dose rate dis tri bu tion was mea sured around
the ther apy couch, at points where the staff is likely to
stand, and in front of the door at the end of the maze.
Mea sure ment set-up
All the mea sure ments in this study were per -
formed for a 20 cm × 20 cm field at the isocenter
(source-to-skin dis tance 100 cm) at 0o gan try angu la -
tions. This ge om e try cor re sponds to a ref er ence filed in
most rel e vant do sim e try pro to cols and treat ments [2].
The mea sure ments were per formed at mid night,
at the end of a work ing day. The lin ear ac cel er a tor
work load is very high, en com pass ing treat ment of more 
than 60 pa tients in 150 fields per work ing day. In duced
ac tiv ity at 18 MV was gen er ated and mea sured with a
20 cm ×  20 cm open field, cho sen to be rep re sen ta tive
of a typ i cal clin i cal treat ment field, hav ing in mind that
around 20% of the pa tients are treated us ing 18 MV
pho tons.
Since the in duced dose rate in creases with the size 
of the field, the se lected field size is a rea son able con -
ser va tive choice. The mea sur ing points are se lected to
rep re sent the de pend ence of ir ra di a tion mo dal ity
(isocenter and front face), since po si tions be hind the
shield ing of the treat ment head re main un af fected by ir -
ra di a tion mo dal ity, due to strong at ten u a tion in the
shield ing ma te rial [9].
A max i mal dose rate of 500 mon i tor units (MU)
per min ute was de liv ered over a pe riod of 2.20 minutes,
which cor re sponds to the ab sorbed dose of 10 Gy at a
nor mal treat ment dis tance.
The spec trom e ter and the dosemeter were in -
stalled on a trol ley and put in op er a tional mode out side
of the treat ment room to avoid ra di a tion dam age dur ing
beam on. The sen si tive vol ume of the de tec tor and the
dosemeter were po si tioned at the isocentre of the ac cel -
er a tor, not later then 1 minute af ter beam ter mi na tion.
The de tec tors were po si tioned in the re gion of the light
field, al low ing a di rect view of the tar get and the flat ten -
ing fil ter. Spec tra ac qui si tion and dose mea sure ments
were per formed si mul ta neously over 1000 s. The ex -
per i men tal set-up is pre sented in fig. 1. 
The mea sure ments were re peated five times for
the same ir ra di a tion con di tions, in or der to fol low the
ef fects of ac tiv ity build up. Also, both gamma-ray
spec tros copy and dose rate mea sure ments were per -
formed for both the open jaws and the 30o wedge in po -
si tion.
RE SULTS AND DIS CUS SION
Ma jor ac ti va tion prod ucts iden ti fied in the room
are listed in tab. 1, along with their ba sic prop er ties.
The iden ti fied radionuclides are con sis tent with other
stud ies [6, 7, 9, 11]. Ra dio log i cally, the most sig nif i -
cant iso topes are 28Al, 62Cu, 56Mn, 64Cu, 187W, and
57Ni. Fig ure 2 shows the ob tained spec tra as an ex am -
ple.
The short-lived iso topes as 28Al and 62Cu are the
most im por tant ones in the clin i cal rou tine, while the
con tri bu tion to the ra di a tion dose of me dium-lived
iso topes as 56Mn, 57Ni, 64Cu, and 187W in creases dur -
ing the work ing day. To as sess the max i mum ac tiv ity,
the ex per i ment was car ried out at the end of the work -
ing day. Other long-lived iso topes con trib ute to dose
build-up on a weekly or even yearly ba sis. These iso -
topes are likely to be in equi lib rium, since this lin ear
ac cel er a tor has been operating for more than 4 years. 
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Fig ure 1. Ex per i men tal set-up, show ing a
gamma-ray spec trom e ter and a dose rate me -
ter with ac ces so ries
The iso tope 28Al is pro duced by neu tron cap ture
in 27Al, while 187W and 56Mn are pro duced in re ac tions 
186W(n, g)187W, 58Ni(g, n)57Ni, and 55Mn(n, g)56Mn.
54Mn was iden ti fied us ing the 834 keV line. It should
have been pro duced in a re ac tion 54 Fe(n, p)54Mn. The
iso tope 24Na prob a bly orig i nates from the ac ti va tion of 
con crete by ther mal neu trons. The peak at 511 keV is
due to the an ni hi la tion from pos i tron emit ters. Ac cord -
ing to the time evo lu tion of the peak, it was at trib uted
to the pos i tron emit ting radionuclides 62Cu and 64Cu.
How ever, their con tri bu tion to the ra di a tion dose is not 
sig nif i cant. A gamma line of 355 keV was used for
196Au de tec tion. It is likely that the ac ti va tion of sta ble
gold oc curs in the wave-guide of the lin ear ac cel er a tor. 
The ab sence of 198Au speaks of the non-ther mal char -
ac ter of neu trons at points where the gold is ac ti vated.
No pres ence of Co, Fe, Sb, and Cr iso topes, which
were re ported by other au thors, was found [11, 13].
The lin ear ac cel er a tor it self is sub ject to con sid -
er able ac ti va tion, par tic u larly the tar get, flat ten ing fil -
ter, and the collimators. Fig ure 3 rep re sents the be hav -
ior of dose rates in the isocenter at the level of the treat -
ment coach, fol low ing ir ra di a tion. The curve is a
rather com plex sum of sev eral ex po nen tial de cay
curves. The steep in crease in the part of the curve cor -
re sponds to the move ment of the de tec tor through the
maze, while the max i mum cor re sponds to the be gin -
ning of mea sure ments in the isocenter. It is likely that
the per son nel stand close to the ap er ture in both ver ti -
cal and hor i zon tal beam con fig u ra tion. In that case, the 
dose to the staff would be higher, as pre sented in tab. 
2. This is par tic u larly im por tant for op er a tions of po si -
tion ing the pa tient or treat ment aids such as wedges,
shield ing blocks or elec tron ap pli ca tors in the beam.
The dose rate mea sured at collimator jaws ranges from 
2.2 µSv/h to 10 µSv/h and be comes uni form with the
in crease in the dis tance from the ac cel er a tor head, as
pre sented in tab. 2. The dose dis tri bu tion in di cates that
the ac cel er a tor head is a ma jor source of in duced ac tiv -
ity. The dose from the ac ti va tion of other ac cel er a tor
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                           Ta ble 1. Ac ti va tion prod ucts found in the ra dio ther apy room of a Siemens Pri mus
                           lin ear ac cel er a tor op er at ing at 18 MV photons
Radionuclide Half life Decay mode Photon energy usedfor identification [keV] Probable nuclear reaction
28Al 2.3 min b–, g 1779 27Al(n, g)28Al
56Mn 2.6 h b–, g 846, 1811, 2114 55Mn(n, g)56Mn
24Na 15 h b–, g 1369, 1731, 2755 23Na(n, g)24Na
54Mn 312 d b–, g 834 54Fe(n, p)54Mn
57Ni 36 h b+, g 1378 58Ni(g, n)57Ni
82Br 35.3 h b–, g 554, 776, 1044, 1318 81Br(n, g)82Br
187W 24 h b–, g 479, 617, 685 186W(n, g)187W
62Cu 9.7 min b+ 63Cu(g, n)62Cu
64Cu 12.7 h b+ 65Cu(g, n)64Cu
52V 3.75 min b–, g 1434 51V(n, g)52V
196Au 6.2 d b+, b–, g 355 197Au(n, 2n)196Au
Fig ure 2. Gamma-ray spec trum ob tained at the lin ear ac -
cel er a tor's isocenter af ter ir ra di a tion, us ing 18 MV pho -
tons and a field size of 20 cm × 20 cm
Fig ure 3. Dose rate time de pend ence at the lin ear ac cel -
er a tor's isocenter af ter ir ra di a tion us ing 18 MV pho tons
and a 20 cm × 20 cm field size
com po nents is also of con cern to the staff that per -
forms main te nance op er a tions soon af ter treat ments.
In the en ergy in ter val com monly used in med i cal
ac cel er a tors (10 MV to 20 MV), the photonuclear
cross-sec tion in creases with the atomic num ber [4].
High-Z ma te ri als in cluded in the com po nents of the lin -
ear ac cel er a tor pro duce sig nif i cantly more neu trons
than the bi o log i cal tis sues of the pa tients, mak ing the
ac cel er a tor it self the dom i nant source of an additional
dose to the staff.
There was no sig nif i cant dif fer ence in dose rate
and spec tra ob tained with the wedge in place or  with out 
it. Thus, one can con sider the ac ti va tion of the wedge to
be neg li gi ble.
Gamma-ray spec tros copy was used only for
radionuclide iden ti fi ca tion, since the ac tiv ity could not
be re li ably es ti mated, due to its de pend ence on the his -
tory of ac cel er a tor use and a very com plex ge om e try of
the ac cel er a tor it self, the room, and ob jects present in
the room.
DOSE AS SESS MENT
Ev ery ra dio ther apy ma chine pres ents a po ten tial
haz ard due to the pri mary ra di a tion trans mit ted
through the pa tient, scat tered pho tons from the pa tient
and sur round ings, and leak age ra di a tion through the
ac cel er a tor shield ing. Also, neu trons pro duced in
photonuclear re ac tions re quire par tic u lar at ten tion, as
well as high-en ergy gamma ra di a tion pro duced in
even tual neu tron cap ture. The ra dio ac tiv ity in duced in
the ac cel er a tor, pa tient, the struc ture of the room, and
ac ces so ries is a sig nif i cant ad di tional source of ra di a -
tion dose to the ra dio ther apy staff.
Clin i cal prac tice in volv ing the ma chine showed
that a typ i cal pa tient spends 10 min utes in the room, re -
ceiv ing 18 MV 4-field treat ments, with an av er age of
100 MU de liv ered per field. The fields are de liv ered 1
min ute apart. It was as sumed that op er a tors do not en -
ter the room be tween two fields.  The max i mal dose
rate af ter the ter mi na tion of ir ra di a tion in the front face
and the isocenter was 10 µSv/h and 4 µSv/h, re spec -
tively, for a ther a pist’s time in the room of 10 minutes
per pa tient, stand ing next to the treat ment head. For a
re al is tic dose as sess ment, the fol low ing equa tion was
used, adopted from Fisher at al. [7]
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where Nd is the num ber of work ing days per year , Np  –
the num ber of pa tients treated per day,  f – the frac tion
of high-en ergy fields, and &H – the mea sured dose rate,
while pa ram e ters t0 and t1 de fine the time in ter val
which the ra dio ther apy staff spends in the room be -
tween two treat ments.
Ac cord ing to the above pre sented re sults of dose
rate mea sure ments (fig. 3 and tab. 2) and the men -
tioned typ i cal work load, the es ti mated an nual whole
body dose is 3.5 mSv, as sum ing a to tal of 250 work ing
days per year and a 20% ac cel er a tor op er a tion us ing 18 
MV pho tons.  The es ti mated dose to the hands of the
op er a tor is 5 mSv per year, us ing a sim i lar ex po sure
sce nario. The dose to the skin from both beta and
gamma ra di a tion is sig nif i cant for wedge and fil ter po -
si tion ing op er a tions. Such dose as sess ment is based on 
“the worst case sce nario”, as sum ing con stant and
max i mal dose rates for the du ra tion of the ex po sure.
The max i mum an nual whole body dose of 3.5 mSv is
slightly higher than sug gested by re sults of other stud -
ies [6, 9], due to a higher work load as sumed in this
study. In or der to ob tain a more re al is tic dose as sess -
ment us ing eq.  (1), tak ing into ac count the dose rate
de crease for the same work load pat tern, the an nual
dose was es ti mated to be 1.5 mSv. The ap plied in te gra -
tion lim its take into ac count the ex po sure of the in di -
vid ual from the mo ment of en ter ing the maze, as pre -
sented in fig. 3.
Al though high-en ergy fields are not of ten used
in clin i cal prac tice (10-20%), the ra dio ther apy staff re -
ceives doses from ac ti va tion al most con tin u ously, fol -
low ing each treat ment, as a re sult of the pre vi ous
high-en ergy ac ti va tion. The un cer tainty of these re -
sults is af fected by the pres ence of the pa tient, use of
dif fer ent gan try an gles, field sizes and ac ces so ries, as
well as by the shar ing of re spon si bil i ties among op er a -
tors. The lo ca tion of the op er a tor in the treat ment room 
and num ber of high-en ergy fields are an other source
of un cer tainty. 
PO TEN TIAL FOR DOSE RE DUC TION
Trans mis sion mea sure ments of the in duced ra di -
a tion in the vi cin ity of the ac cel er a tor have shown that
the half-value layer is at least 2.5 mm of lead, which
makes the use of per sonal pro tec tive de vices un fea si -
ble [16]. How ever, it was found that the dose to the
staff could be sig nif i cantly re duced by clos ing the jaws 
or us ing suit able fil ters, since ra di a tions from
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Ta ble 2. Re sults of dose rate mea sure ments, 2 minutes
fol low ing the ir ra di a tion, us ing 18 MV pho tons and a 20 cm ×




the center of the
beam [mSv/h]
Photon equivalent
dose rate 50 cm
laterally from the
beam center [mSv/h]
Front face 10 4.0
Under jaws (15 cm) 7.0 2.8
Under jaws (50 cm) 4.0 2.6
Isocenter 2.7 2.3
Floor 2.3 2.2
radionuclides ac ti vated by the cop per and nickel used
in the con struc tion in side the head of the ac cel er a tor
em a nate di rectly through the open collimator.
In part, dose re duc tion can be achieved by re -
mov ing un nec es sary ob jects from the treat ment room
and, thus, elim i nat ing sources of ac ti va tion, par tic u -
larly alu mi num. Also, dose re duc tion may be achieved 
by sched ul ing high-en ergy field treat ments for the end
of the work ing day or de lay ing en try into the treat ment
room af ter ir ra di a tion using high photon energies.
Due to sig nif i cant vari a tions in work ing hab its,
in or der to ob tain a more re al is tic oc cu pa tional dose
as sess ment, the use of elec tronic per sonal do sim e ters
(EPD) for ra dio ther apy staff is to be considered. 
FUR THER EX PER I MENTS
Al though all med i cal lin ear ac cel er a tors have a
sim i lar con struc tion and op er at ing prin ci ples, there are 
cer tain con struc tion de tails that may in flu ence dose
rates dif fer ently, due to in duced ac tiv i ties. Fur ther in -
ves ti ga tions should fo cus on dif fer ent ac cel er a tor
mod els and a more de tailed as sess ment of  in duced ac -
tiv ity dis tri bu tion in the ra dio ther apy treat ment room. 
CON CLU SIONS
High-en ergy ac cel er a tors ex pose both pa tients
and per son nel to radionuclides cre ated by neu trons
and gamma-ray ac ti va tion of ma te rial within the treat -
ment room. At pho ton en er gies of 18 MV, the prin ci pal 
radionuclides are pro duced in (n, g) re ac tions. Major
dose con tri bu tors are 28Al, 56Mn, and 24Na. Dose rates
are sig nif i cant in the first ten min utes af ter the ter mi na -
tion of ir ra di a tion, dom i nated by the 2.3 minutes
half-life 28Al for short-treat ment times. For typ i cal
clin i cal prac tice in volv ing this ma chine, an es ti mated
max i mal an nual in di vid ual dose for ra dio ther apy staff
mem bers of 3.5 mSv has been cal cu lated, while the
dose to the hands can be even higher, up to 5 mSv per
year. This dose is well be low reg u la tory lim its [17],
how ever, it is far from neg li gi ble and ex tremely de -
pend ent on lo cal prac tice. Thus, it is of ut most im por -
tance to per form gamma-ray spec tros copy and dose
rate mea sure ments at each par tic u lar ra dio ther apy in -
stal la tion and to sug gest the tools for dose re duc tion if
we are to keep oc cu pa tional doses in ra dio ther apy As
Low As Rea son ably Pos si ble in prac tice.
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PROCENA  DODATNE  DOZE  KAO  POSLEDICA  AKTIVACIJE  KOD  LINEARNIH
AKCELERATORA  VISKOH  ENERGIJA  U  RADIOTERAPIJI
Linearni akceleratori koji se koriste u medicini na visokim energijama generi{u
produkte aktivacije. Ciq rada je procena aktivacionog pona{awa linearnog akceleratora u
radioterapiji na osnovu gama spektroskopskih i dozimetrijskih merewa. Koriste}i razultate
merewa procewena je dodatna doza za profesionalno izlo`ena lica u radioterapiji.
Spektroskopska merewa i merewe doze realizovano je istovremeno u izocentru linearnog
akceleratora trenutno nakon prestanka ozra~ivawa. Najzna~ajniji detektovani radioizotopi
bili su: 28Al, 62Cu, 56Mn, 64Cu, 187W i 57Ni. Kratko`ive}i radioizotopi (28Al i 62Cu) najzna~ajniji su
~inilac u klini~koj praksi sa stanovi{ta trenutnog doprinosa dozi, dok sredwe`ive}i
radioizotopi (56Mn, 64Cu, 187W i 57Ni) postaju zna~ajniji tokom radnog dana i radne nedeqe, posebno u 
slu~aju velikih radnih optere}ewa. Izmerena ja~ina doze kretala se u intervalu od 2.2 µSv/h do 10
µSv/h, u razli~itim mernim ta~kama od interesa za procenu doze za profesionalno izlo`ena lica u 
radioterapiji. Nakon 10 minuta od prestanka ozra~ivawa ja~ina doze iznosila je 0.8 µSv/h.
Koriste}i podatke o tipi~nom radnom optere}ewu procewena je maksimalna dodatna doza za
profesionalno izlo`ena lica od 3.5 mSv na godi{wem nivou.
Kqu~ne re~i: linearni akcelerator, aktivacija, radioizotopi, fotonuklearna reakcija, gama
jjjjjjjjjjjjjjjjjjjjjjjspektroskopija
